Fault detection in district heating substations  by Gadd, Henrik & Werner, Sven
Applied Energy 157 (2015) 51–59Contents lists available at ScienceDirect
Applied Energy
journal homepage: www.elsevier .com/locate /apenergyFault detection in district heating substationshttp://dx.doi.org/10.1016/j.apenergy.2015.07.061
0306-2619/ 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
⇑ Corresponding author. Tel.: +46 42 490 3773.
E-mail address: henrik.gadd@oresundskraft.se (H. Gadd).Henrik Gadd a,⇑, Sven Werner b
aÖresundskraft AB, PO Box 642, 251 06 Helsingborg, Sweden
b School of Business, Engineering and Science, Halmstad University, PO Box 823, SE-30118 Halmstad, Sweden
h i g h l i g h t s
 High proportion of faults in district heating substations.
 Hourly meter reading can be used to identify faults.
 Automatic meter readings can lead to future proactive fault detection instead of current reactive fault detection.
 Thresholds for fault detection should, if possible, be absolute and not relative.
 Faults are coincidental with no occurrence pattern and thereby difﬁcult to predict.a r t i c l e i n f o
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Current temperature levels in European district heating networks are still too high with respect to future
conditions as customer heat demands decrease and new possible heat source options emerge. A consid-
erable reduction of temperature levels can be accomplished by eliminating current faults in substations
and customer heating systems. These faults do not receive proper attention today, because neither sub-
stations nor customer heating systems are centrally supervised. The focus of this paper has been to iden-
tify these faults by annual series of hourly meter readings obtained from automatic meter reading
systems at 135 substations in two Swedish district heating systems. Based on threshold methods, various
faults were identiﬁed in 74% of the substations. The identiﬁed faults were divided into three different
fault groups: Unsuitable heat load pattern, low average annual temperature difference, and poor substa-
tion control. The most important conclusion from this early study of big data volumes is that automatic
meter reading systems can provide proactive fault detection by continuous commissioning of district
heating substations in the future. A complete reduction of current faults corresponds to approximately
half the required reduction of the current temperature levels in the effort toward future
low-temperature district heating networks.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
All efﬁciencies in district heating systems with respect to both
heat supply and heat distribution increase when lower distribution
temperatures are used. With lower distribution temperatures in
district heating systems, the possible heat source options will
increase with respect to both volume and number in the future
heat supply, based mainly on recovered and renewable heat
sources. Current high temperatures are a remnant of the conven-
tional fossil fuel-based energy supply in which high temperatures
were easy to achieve. Low-temperature heat distribution has been
identiﬁed as a vital part of future district heating systems [1,2].Customer heat demands in district heating systems are nor-
mally 20 C to heat buildings and 50 C for domestic hot water.
Current distribution networks have supply temperatures of
approximately 75–90 C and return temperatures of approximately
40–50 C as annual averages [3]. These levels are used in order to
cover the current customer temperature demands but also to com-
pensate for faults in the system. Future system designs currently
under discussion include supply temperatures of 50 C, because
customer temperature demands will decrease as customer heat
demands decrease in the future. At that point, the margin and
acceptance for temperature faults will radically decrease. This
implies that temperature faults must be detected quickly.
Since 2015, devices for automatic meter reading have been
installed at all substations in Sweden owing to governmental
demand for monthly billing of actual heat use. This implies that
hourly meter readings for heat, ﬂow, supply and return
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These heat meter readings can also be used for the detection of
usage, temperature, and control faults appearing in the heat
delivery.
1.1. Fault detection
A current preconceived idea is that most heat demands in dis-
trict heating systems are working well. This paper will show that
this is not the case. When running an air handling unit, continuous
commissioning is essential to ensure and maintain optimal opera-
tion; this is a major conclusion in [4], in which signiﬁcant work in
the area has been analysed. There is no reason to believe that other
secondary systems and substations would work for years without
any faults occurring. Hence, secondary customer heating systems
do not function correctly.
Many fault detection methods described in the literature for
district heating application are based on statistical methods—e.g.,
when a deviation from an expected heat demand is detected [5–
9]. These methods require a correct heat demand for comparison.
However, a problem is that a large proportion of the substations
do not work optimally or even well—i.e., there are no correct heat
meter readings with which to compare.
This paper will provide answers to three research questions to
be used when developing fault detection methods for present
and future district heating systems.
1.2. Research questions
– What types of faults can be identiﬁed in substations?
– What are the proportions of different fault groups?
– What is the proportion of substations that work correctly?
2. Background
District heating systems contribute substantially to a sustain-
able supply of energy. Heat and electricity can be generated by
energy resources otherwise difﬁcult to utilize, such as waste,
geothermal heat, and industrial excess heat [3]. In order to remain
competitive in the future, there are two major challenges for dis-
trict heating systems. The ﬁrst is competition with renewable
energy resources and the second is decreased heat demands in
new and existing buildings [10].
2.1. Decreased heat demands
In countries with small possibilities to expand district heating
delivery due to the saturation of the market, heat demand will
decrease in the future owing to energy efﬁciency measures in the
connected buildings, and well-insulated buildings in the future will
have essential lower heat demands and will not compensate for
the loss in the older buildings [10]. The answer for district heating
companies to this scenario can be to identify new applications for
district heating and generate more electricity [11]. This could seem
contradictory because decreased heat demand ought to result in
decreased generated electricity from combined heat and power
(CHP) plants, but according to [12], this is not the case because
most of the energy decrease will be in heat-only boilers. Another
even more important measure in order to maintain the competi-
tiveness in district heating systems is to increase system efﬁciency.
One of the most effective ways to increase efﬁciency is to decrease
distribution temperatures. The advantages of decreased distribu-
tion temperatures are lower heat losses, increased efﬁciency,
higher electrical output from CHP plants, and increased utilization
of geothermal and solar heat and industrial excess heat [3].2.2. Distribution temperatures
Current water-based district heating systems—referred to as the
third generation of district heating technology with a primary sup-
ply temperature of 80–110 C—are used to heat air to 20 C and
domestic hot water to 50 C. Why do we need 80 C to heat air to
20 C and domestic hot water to 50 C? (see Fig. 1). There are
two reasons why a temperature level of 80/45 C (supply/return
temperature) is necessary. The ﬁrst reason is that the secondary
systems in existing buildings are normally designed for high tem-
peratures. Design supply temperatures have previously been 70–
90 C in Europe. With increasing demand for efﬁcient energy use,
the supply temperatures in secondary systems have gradually
decreased, and the design temperature in Sweden has been 55–
60 C for the past 30 years [13].
Moreover, it has been shown that both in Sweden and interna-
tionally, secondary systems are often oversized [14–18] and are
thereby capable of supplying enough heat to provide comfortable
indoor temperatures at lower supply temperatures than their
design values. The second reason for high primary supply temper-
atures is the occurrence of temperature faults in substations and
secondary systems, and the only option for district heating opera-
tors to maintain the heat supply for all customers is to increase the
supply temperature.
Heat exchangers and substations do not require these high sup-
ply temperatures. If all substations and customer secondary sys-
tems worked as designed, current system temperatures could be
decreased to approximately 70/35 C, which was shown in [19].
Hence, the high temperatures in current district heating systems
are combinations of old design, convention, and a compensation
for temperature faults in substations and secondary systems.
These temperature faults are not noticed by customers because
buildings are warm and hot water is available from water taps.
For future district heating systems—4GDH with system temper-
atures of 50/20 C [1]—the margin for faults will radically decrease
because faults will affect customer comfort. This is also one of the
main conclusions of a Danish report that evaluated low tempera-
ture district heating demonstration projects [20]. In this case, indi-
vidual limits for differential temperature supervised by continuous
commissioning of substations and secondary systems will proba-
bly be necessary not only to detect faults quickly but also to make
service visits governed by needs rather than—as is common
today—by following the calendar in order to avoid spending
man-hours checking equipment that is already working well.2.3. System boundary
District heating systems are often divided into three major
parts—heat generation, district heating network, and substations.
However, the system efﬁciency can be optimized only if the system
boundary also includes the heated buildings. Faults in secondary
systems will be transferred via the substation to the district heat-
ing network and heat generation, thus decreasing system efﬁ-
ciency. Hence, customer secondary heat supply systems must be
included when addressing the efﬁciency of district heating
systems.
Conventionally, heat generation and distribution have been
continuously monitored to detect and solve faults immediately
or within a few days, whereas substations have often been
regarded as well-functioning as long as customers’ comfort is not
affected. Fault detection at the customer end has largely been reac-
tive. This implies that faults which affect customer comfort—rather
than faults that decrease system efﬁciency—are mainly being
detected.
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Fig. 1. Temperature levels in existing district heating systems. The primary supply temperature is 20–90 C higher than the temperature demands.
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Previously, fault detection analysis based on meter readings had
to be on an annual basis because that was the available option. In
an IEA-DHC report from 2003 [21], it is stated that high-resolution
heat meter readings could be used for customer analysis. Still, the
analysis of a large number of substations with high measurement
resolution is rare. The reason is that, in the past, the collection of
heat meter readings has been performed manually and was thus
very expensive. In a thesis from 1996 [22], the heat load patterns
of 50 substations were analysed with a measuring resolution of
15 min during a period of 18 months to learn more about heat
demands in buildings. The lack of knowledge regarding the actual
performance was the reason for the analysis of one building in [23]
in which a resolution of 5 min was used. A method to separate
domestic hot water from space heating using existing heat meters
is presented in [24] and is interesting from a heat load pattern
perspective.
2.5. Excuses for not working with fault detection in substations and
secondary systems
Energy companies have historically put signiﬁcant effort into
improving the efﬁciency of energy supply and distribution. In the
district heating ﬁeld, heat supply plants and networks have not
only been improved but also continuously supervised in order to
detect faults quickly and eliminate detected faults. However, sub-
stations and customer secondary systems have been of less inter-
est. They have been regarded as the customers’ problem. If only
customer comfort is taken into consideration, this is a working
strategy; but from a system efﬁciency and competitiveness per-
spective, it is not.
Reasons for not working with fault detection in substations and
customer secondary systems are—in the ﬁrst place—probably
because there are so many and signiﬁcant work is required to
see any results. A large number of different possible faults can
occur unsystematically [25–27]. In a 2005 report [28], three major
reasons were identiﬁed why work to improve efﬁciency was not
performed—lack of knowledge, internal problems with handling a
job in which a large part of the company must be involved, and dif-
ﬁcult customer relations in which technical personnel adopt a sales
role and sales personnel become involved in technical discussions.The only way to override the above mentioned problems is to
start working with hidden faults. The same report provides advice
on how to manage the problems—e.g., split the work into small
projects, label the projects as system efﬁciency projects so that
people understand that they affect the whole district heating sys-
tem, decide how customer contacts should be realized, and—if pos-
sible—involve the customer and even see that they pay for part of
the investment.
Another problem is that when work has been performed to
decrease system temperatures, it has often been organized as a
campaign. Because new faults will appear in substations and sec-
ondary systems, work to decrease system temperatures must be
an ongoing component of day-to-day work. Otherwise, system
temperatures will slowly increase as new faults appear.
2.6. Current faults
Faults in substations and secondary systems can be divided into
three categories. First, there are faults resulting in comfort prob-
lems such as lack of heat or domestic hot water and physical faults
such as water leakage or sound emissions. Second, there are faults
that are known but unsolved due to the need of too many
man-hours to identify them. Finally, there are faults for which
new fault detection methods must be developed. The third cate-
gory includes faults caused by human factors such as faulty set-
tings in building operating systems. This paper addresses only
the last two categories. In order to identify and solve faults in
the last two categories and thereby increase system efﬁciency, con-
tinuous commissioning of substations and secondary systems is
necessary. Fault detection can then go from being reactive to
becoming proactive.
2.7. Introduction of automated meter reading systems
On 1 July 2006, a change in the Swedish law [29] required that,
effective 1 July 2009, electrical providers charge customers for
their actual use of monthly electricity rather than basing their
charges on prior usage as they did before. To fulﬁll this demand,
automatic meter reading systems were installed in the electric
grids but also in the district heating systems, because a major part
of the district heating systems in Sweden are operated by compa-
nies that also operate the electric grids. Since 1 January 2015, it is
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tomers for the actual use of district heating [30]. Even though the
demand is for monthly readings, the automatic meter reading sys-
tems are designed for a resolution of one hour or higher—i.e.,
hourly meter readings at all district heating substations can be
available in 2015 in Sweden, and these meter readings could be
used for fault detection purposes.
The literature review in this paper has an overrepresentation of
Swedish references owing to 30 years of unique Swedish research
programmes in the district heating ﬁeld.3. Method
3.1. Gathered data
The datasets in this study come from the automatic meter read-
ing systems in two district heating systems in the south of
Sweden—Helsingborg, with approximately 10,000 connected sub-
stations and an annual heat supply of 3.6 PJ, and Ängelholm, with
approximately 3000 connected substations and an annual heat
supply of 0.7 PJ. The average annual supply temperature in 2010
in Helsingborg was 83.8 C and in Ängelholm was 85.8 C. The cor-
responding return temperatures were 46.9 C in Helsingborg and
47.8 C in Ängelholm. From the two district heating systems, meter
readings from 135 substations were selected for analysis—82 from
Helsingborg and 53 from Ängelholm (see Table 1). The datasets are
the same as in [31], apart from six substations that were excluded
owing to incomplete datasets. All datasets are hourly meter read-
ings of heat, ﬂow, supply, and return temperatures on the primary
side of the substation during one year. All datasets are from 2010, 1
January through 31 December.
The selection is based on the amount of annually delivered heat
and customer category. In the customer records, customers are
divided into eight customer categories because of governmental
demand to report energy use statistics. The energy statistics con-
tain six customer categories: industrial demands, one- and
two-family dwellings, multi-dwelling units, ground heating, public
administration, and others. In the customer records, the resolution
is higher in two cases; in the customer records, public administra-
tion is split into health and social care buildings and public admin-
istration buildings. Others in the statistics are split between trade
buildings and others. In this study, the customer category of one-
and two-family dwellings has been excluded because of their low
share of the total heat demand (20%) split among a large number
of substations—i.e., each substation in a one- and two-dwelling
building has a very small impact on total system efﬁciency.
Ground heating and others from the customer records are also
excluded—ground heating because it comprises only single instal-
lations and others because the subscriptions are undeﬁned andTable 1
Number of substations and heat demands for each of the ﬁve customer categories
analysed in this study.
Customer categories Number of
substations
Annual heat demand [TJ]
Total Average Lowest Highest
Multi-dwelling
buildings
35 220.7 6.3 2.9 15.6
Industrial demands 33 68.9 2.1 0.2 10.0
Health and social
services buildings
10 17.2 1.7 0.5 4.1
Commercial
buildings
22 63.8 2.9 0.3 14.2
Public
administration
buildings
35 147.5 4.2 0.4 27.0
Total 135 518.0 3.8 0.2 27.0therefore impossible to evaluate. The customer categories from
which the analysed substations originate include approximately
3000 of 13,000 total substations existing in the two district heating
systems. From each customer category, the substations with the
highest volume of annual heat delivery were selected.
3.2. Analysis
In this study, meter readings from substations are analysed
manually. It is a theoretical analysis, but it is based on meter read-
ings observed from real substations in continuous operation. Three
types of faults or symptoms of faults have been identiﬁed:
 Unsuitable heat load pattern.
 Low average annual temperature difference.
 Poor substation control.
3.2.1. Unsuitable heat load pattern
In order to identify unsuitable heat demand patterns, the activ-
ity in the building has to be known. In this study, the information
can partly be found in the customer records by using the customer
categories, but there are two major problems. First, the informa-
tion is manually inserted into the customer records and there is
a risk of error. Single errors have been discovered but are of a dif-
ferent magnitude than unsuitable heat load patterns. Second, the
customer categories are set for reporting statistics and are only
partly suited for determining expected heat load patterns—e.g.,
multi-family dwellings, which is the most homogeneous customer
category whereas public administration buildings is a heteroge-
neous group. The heat load patterns used in this study are contin-
uous, night setback (NSB), time clock operation 5 days a week
(TCO5), and time clock operation 7 days a week (TCO7). The heat
load patterns are studied as an average for four seasons. The heat
load patterns and seasons are deﬁned in [31]. The selection criteria
for unsuitable heat load patterns in this study are all multi-family
dwellings that do not have a continuous heat load pattern, indus-
trial demands that do not have TCO5, and commercial buildings
that do not have any time clock operation of ventilation at all. All
buildings with pronounced NSB control are also considered as
unsuitable heat load patterns.
Health and social services buildings are mainly owned by
county councils and can be anything from hospitals with 7–24
operation with an expected continuous heat demand to an ofﬁce
building with an expected TCO5 heat load pattern. Public adminis-
tration buildings are municipal building—e.g., schools, gymnasi-
ums, public baths, libraries with daytime activity—but could also
be service buildings for elderly people. Thus, health and social ser-
vice and public administration buildings are impossible to evaluate
for unsuitable heat load patterns apart from NSB because of their
heterogeneous heat load patterns.
3.2.2. Low average annual temperature difference
The average annual temperature difference is calculated from
meter readings for delivered heat and ﬂow on an annual basis.
The best substation in this study, from a temperature difference
perspective, has a temperature difference is just below 55 C. An
average annual supply temperature of 85 C corresponds to an
average annual return temperature of 30 C. This level is what is
possible with today’s technology. However, because the perfect
building and substation do not exist and all district heating cus-
tomers have individual heat demands, a threshold had to be
deﬁned for average annual temperature difference that is good
enough as a general value. In the analyses, substations were
divided into groups depending on average annual temperature dif-
ference (one group for every 5 C; see Table 4). This threshold was
set at the upper two 5 groups. It would be preferred to have
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each building; however, owing to lack of knowledge of each cus-
tomer’s prerequisites, this is impossible. Thus, an average annual
temperature difference exceeding 45 C is regarded as good
enough in this paper.
The calculations are based on a constant density of 990 kg/m3,
corresponding to a return temperature of 45 C, because the ﬂow
meter is normally mounted in the return pipe. The heat capacity
factor used is 4.18 kJ/kg, K, corresponding to a temperature of
65 C, which is the average of supply and return temperatures.
Low average annual temperature difference is a symptom of faults
rather than a fault, and it belongs in fault category two or three.
3.2.3. Poor substation control
Abnormal heat demand indicating poor substation control is
manually analysed from four different diagrams for each substa-
tion—heat power signature for daily and hourly averages and
weekly analysis of energy and ﬂow. Two selection criteria were
identiﬁed—major irregular oscillations and bad correlation
between heat demand and outdoor temperature. In Fig. 2, an
example of a multi-dwelling building with irregular oscillations
in energy and ﬂow is presented, and the heat power signature
for hourly averages show a bad correlation between heat demand
and outdoor temperature. Fig. 3 shows a multi-dwelling building
that works correctly. Poor substation control is—just as low aver-
age annual temperature difference—a symptom of fault rather than
a fault and belongs in fault category two or three.4. Results
Heat demand is unique for each building. This is an aggravating
circumstance in fault detection for district heating substations
because of the difﬁculty in separating deviating heat demands
from normal heat demands. Three fault groups are identiﬁed by
manual analysis, but they could easily be automated; this is a pre-
requisite for future district heating systems in order to maintain
competitiveness.
In Table 2, a summary of the results from the analysis of the 135
substations can be found. One hundred (74%) of the analysed data-
sets show faults or symptoms of faults in substations or secondary
systems. The most common is low average annual temperature dif-
ference with 92 (68%) followed by unsuitable heat load pattern,
which is identiﬁed in 30 (22%) of the substations. Poor substation
control was identiﬁed in 16 (12%) of the substations. Only 35
(26%) work correctly—i.e., have a large temperature difference
and proper control and seem to have a correct heat load pattern.
Health and social services buildings and public administration
buildings were not evaluated for unsuitable heat load patterns.
For the remaining 90 substations, 22 (24%) are regarded as
well-performing substations.
The result shows a large number of faults in the substations but
little or no correlation between different types of faults. All fault
groups are identiﬁed in all customer categories, and no systematic
faults can be identiﬁed.
4.1. Unsuitable heat load pattern
The heat load patterns used in this study were continuous, NSB,
TCO5, and TCO7. The heat load patterns for the ﬁve customer cat-
egories were identiﬁed (see Table 3). Depending on the activity in
the buildings, different heat load patterns are expected. Health and
social services buildings and public administration buildings are
very heterogeneous from a heat load pattern perspective; so, apart
from the four substations with NSB control, they are impossible to
evaluate without knowledge of the activity in each building.Thirty-ﬁve substations (shaded in Table 3) with unsuitable heat
load patterns were identiﬁed out of 90 analysed substations—i.e.,
almost 40% of those in the three customer categories of
multi-family dwellings, industrial demands, and trade buildings.
A drawback in terms of identifying unsuitable heat load patterns
is of course that the expected suitable heat load pattern in this
study is set as a general pattern for all customer categories rather
than individually for each building as it should be. However,
unsuitable heat load pattern—the second most common fault—is
easily identiﬁable and simple to correct.
4.2. Low average annual temperature difference
For decades, it has been well known that a large temperature
difference is advantageous; however, many substation tempera-
ture differences in district heating systems are low. In this study,
the average annual temperature difference has a range from 7 to
54 C. In Table 4, the 135 substations are divided by customer cat-
egory and intervals of average annual temperature difference.
Almost 70% of the substations have a temperature difference of
645 C, and 15% have one less than 30 C. Only 7% of the substa-
tions have a temperature difference exceeding 50 C.
All customer categories contain substations with both large and
small temperature differences, which indicates that it is a general
problem. Hence, low average annual temperature differences are
not systematic faults associated with customer category but rather
have individual explanations in each substation; this conclusion
was drawn in a 1987 study [25].
4.3. Poor substation control
Poor substation control has been identiﬁed in all customer cat-
egories and all temperature difference intervals. Out of 135 substa-
tions analysed, 16 (12%) were identiﬁed to have poor substation
control (see Table 5). Four substations had a bad correlation
between heat demand and outdoor temperature. All of them also
had irregular oscillations.
No general correlation between poor substation control and low
average annual temperature difference can be identiﬁed, but the
substations with a temperature difference of <30 C are overrepre-
sented in poor substation control (see Fig. 4).5. Discussion
In the fourth generation of district heating systems, 4GDH, 50 C
supply and 20 C return temperature are discussed. A reduction of
system temperatures increases system efﬁciency with reduced cost
and emissions as a result. Today faults can be—and are—compen-
sated by increased system temperatures. This study has shown
that the district heating system does not work correctly. Almost
3/4 of the analysed substations in this study would be considered
to have some kind of fault. The distribution temperatures in the
two district heating systems in which the analysed substations
are situated, Helsingborg and Ängelholm, are in the midrange of
district heating systems in Sweden. This makes it probable that
the results are representative of at least Swedish conditions. In
4GDH systems, today’s faults will be unacceptable. In this study,
all analyses are performed manually. However when applied in
district heating systems to identify and eliminate faults quickly,
automatic fault detection in the form of continuous commissioning
in one way or another will become necessary.
The quality of the present customer records, automatic meter
reading systems, substations, and secondary systems are not better
than what is needed for today’s DH systems. To be able to intro-
duce 4GDH, all system parts mentioned must be improved. A
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tions is that there are large variations between well-performing
substations. Different customers have different heat demands
and different heat load patterns. A normal heat demand for one
customer is abnormal for another.To implement fault detection in district heating systems, district
heating companies must have a large amount of knowledge about
their customers and their behaviour on an individual level from a
heat demand perspective. It is also necessary to include the cus-
tomer secondary heating systems in the optimization of a district
Table 2
Summary of the 135 analysed substations split into identiﬁed faults and well-performing substations for ﬁve customer categories.
Multi-family
dwellings
Industrial
demands
Health and social services
buildings
Trade
buildings
Public administration
buildings
Total
Total number of substations 35 33 10 22 35 135
Unsuitable heat load pattern 4 23 2a 8 2a 39
Low annual average temperature
difference
19 27 9 18 19 92
Poor substation control 3 3 2 3 5 16
Well-performing substations 15 3 1 4 12 35
Proportion of well-performing
substations
43% 9% 10% 18% 34% 26%
a Health and social services buildings and public administration buildings are regarded as having unsuitable an heat load pattern only if NSB is applied owing to the
heterogeneous heat load pattern for these two customer categories.
Table 3
Analysed substations sorted by four heat load patterns and ﬁve customer categories. Shaded numbers are identiﬁed as substations with unsuitable heat load patterns.
Table 4
Analysed substations sorted by six average annual temperature difference intervals and ﬁve customer categories.
Annual average temperature
difference
Multi-family
dwellings
Industrial
demands
Health and social services
buildings
Trade
buildings
Public administration
buildings
Total
<30 5 9 2 2 2 20 15%
30–35 2 4 0 4 1 11 8%
36–40 2 7 4 9 4 26 19%
41–45 10 7 3 3 12 35 26%
46–50 12 5 1 2 13 33 24%
>50 4 1 0 2 3 10 7%
Total 35 33 10 22 35 135
Table 5
Sixteen out of 135 analysed substations were observed to have bad substation control based on selection criteria.
Poor substation control Multi-family
dwellings
Industrial
demands
Health care and social
service buildings
Trade
buildings
Public
administration
buildings
Total
Irregular oscillations only 2 2 2 3 3 12
Irregular oscillations and bad correlation between heat
demand and outdoor temperature
1 1 0 0 2 4
Total 3 3 2 3 5 16
H. Gadd, S. Werner / Applied Energy 157 (2015) 51–59 57heating system, and work must therefore be performed in close
cooperation with the individual customers. To begin, general
thresholds can be used; but in the long run—for fourth-generation
district heating systems—thresholds for fault detection probably
must be set on an individual basis. Manymethods found in research
literature are based on identifying deviation from previous heat
demands; but if 75% of the substations are already more or less
faulty, this does not work. This is why fault detection based on
absolute thresholds rather than relative thresholds is preferable.
5.1. Heat meter issues
This study shows that hourly resolution for meter reading is
sufﬁcient. The amount of faults is, at present, so large thatincreased resolution is of no use. For 4GDH, a higher resolution
might be necessary; however, there might also be a demand for
a higher-quality meter readings.
Conventionally, heat meter readings have been used only for
billing purposes. The reason for measuring has been to split the
cost for a common heat supply system in such a way that the cus-
tomers regard as fair. The driving force for developing heat meters
has been low prices. If heat meters are to be used for fault detec-
tion in the future, there might be other demands. Development
areas for heat meters could be increased accuracy of sensors and
measurement systems but also additional parameters that should
be measured other than heat, ﬂow, supply, and return tempera-
tures. For instance, secondary temperatures and ﬂows or differen-
tial pressures in both primary and secondary systems could be of
0%
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20%
25%
30%
35%
<30 30-35 36-40 41-45 46-50 >50
Proportion [%]
Annual average temperature difference [°C]
Proportion of total
Proportion of poor control
Fig. 4. Proportion of total amount of analysed substations (in blue) and proportion
of poor substation control (in red) for six different temperature difference intervals.
58 H. Gadd, S. Werner / Applied Energy 157 (2015) 51–59interest. A part of this already exists in building supervision sys-
tems. Then, it is a matter of how to utilize the meter readings
and by whom it should be accomplished.
This study shows that hourly meter readings can be used for
fault detection in district heating substations that previously
would demand great effort in man-hours. It further enables contin-
uous commissioning that can change service visits to be governed
by demand rather than by calendar.6. Conclusions
This study of meter readings from 135 district heating substa-
tions was performed in order to identify faults. In the present dis-
trict heating systems, the proportion of faults is high. From the
135 meter reading data sets, 100 were identiﬁed to have faults—
i.e., only 26% of the analysed substations worked correctly. Three
main groups of faults were identiﬁed—unsuitable heat load pat-
tern, low average annual temperature difference, and poor substa-
tion control.6.1. Unsuitable heat load pattern
Unsuitable heat load patterns result from faulty settings in a
building’s control systems—i.e., not a fault in the equipment but
rather caused by human factors. It is a fault in the building’s con-
trol system and not in the substation. According to this study,
the proportion of unsuitable heat load patterns is in the range of
30–40%; however, these faults are easy to identify and simple to
correct. This fault group is probably the easiest to address among
all measures to decrease heat use in buildings.6.2. Low average annual temperature difference
Approximately 70% of the substations have a temperature dif-
ference of less than 46 C. Low average annual temperature differ-
ence is one of the most important factors working against high
efﬁciency in substations and has been an improvement issue in
district heating discussions for decades, but it is obviously still a
serious issue.6.3. Poor substation control
Poor substation control was identiﬁed in 14% of the substations.
With respect to low average annual temperature difference, poor
substation control is not a fault but rather a symptom of faults that
can be either physical or caused by human factors. Moreover, it can
be present in the substations or the secondary systems. However,
there is little or no correlation between a low average annual tem-
perature difference and poor substation control.
6.4. Overall conclusions
An aggravating circumstance for fault detection in substations
and customer secondary systems is that heat demand patterns in
buildings are distinct. A correct heat demand for one building con-
stitutes a fault in another building.
This study has shown that hourly meter readings can be used to
identify faults in district heating substations and customer sec-
ondary systems. From the three fault groups, low average annual
temperature differences are still—after decades of discussion—the
most important problem to address in order to improve the system
efﬁciency in district heating systems. However, unsuitable heat
load patterns are probably the fault that is the easiest and most
cost-effective to address. Generally speaking, all faults are coinci-
dental and have no occurrence pattern; thus, they are difﬁcult to
predict. The most important conclusion from this study is that
automatic meter reading systems can lead to future proactive fault
detection instead of current reactive fault detection in district
heating substations and secondary customer systems. This conclu-
sion is vital for the competitiveness of current district heating sys-
tems but is a necessity for future low-temperature district heating
systems.
Compared to current distribution temperature levels, elimina-
tion of faults would result in half the decreased temperature level
necessary for future district heating systems. The other half must
be achieved in customer heating systems.
In this study, all analyses were manually performed for the pur-
pose of research. However, automated methods must be developed
in order to apply these analyses in district heating systems. The
main conclusions from this study can then be utilized when
designing appropriate data mining methods.
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